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INTRODUCTION
There have been many investigations bearing on the
subject of trophic influences that nerves may exert upon
certain tissues.

Wang (1964), discovered that an unequal

distribution of nerve endings exists in the feather papilla,
and thought that these endings may exert a trophic influence
upon the inductive role of the papilla 1n
in feather morphogenesis.

The work of other investigators (see literature

review) concerning the effect of denervation upon epidermal
der1vatives (beard, hair, and fingernails) did not give
derivatives
consistent results, and therefore, dlrl not yield information
as to the presence or absence of a trophic influence by
the nerves.

(Their results ranged from increased growth to

no growth.)

Should there be a correlation between absence

of nerves and ensuing changes in feather growth and morphogeneSiS, this could yield useful information concerning the
function of nerves in the papilla.

The present investigation,

accordingly, 1s an attempt to ascertain whether or not nerve
endings in the papilla have anything to do with feather

1
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development, and if so, what their specific morphogenetic
role 1s.

This objective is to be realized by denervating an

entire feather tract and subsequently analyzing and comparing
the feathers regenerating from the paPill~completely devoid
of nerve endings and those from normal (control) papillae,
using morphological and physiological criteria obtainable
under the experimental conditions.

•

LITERATURE REVIEW

Part A.

Papilla and Feather Development

The feather has been extensively studied both as a
biological entity of unusual interest and as a developing
system unique in many respects.

Investigations date back to

Davies (1889), who was the first to describe the papilla
as a permanent structure located at the base of each
follicle from which all generations of feathers arise.

He

found that the developing feather is made up of cell layers
all continuous with the epidermis of the skin.

He also

observed that the pulp serves as a nutritional organ for the
growing feather, and as such, growth occurs at its base
with resorption taking place at its apex.

The earliest

principles of feather development were set forth by Davies
in this study.
In thie country t Strong (1902) soon confirmed Davies'
findings.

In addition, be made a substantial contribution

on the mechanism of coloration of feathers.

With improved

histological techniques he demonstrated the part played by
both cell division and cell growth in feather development
and attributed color of feathers to pigment cells
3
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(melanophores) present in the collar of the regenerating
feather.

The production of pigment granules by theseoells

and the deposition of the granules into barbule cells were
meticulously described by him.
It remained, however, for F. R. Lillie and his associates
to inquire further into the mechanism of feather development.
It was found that female sex hormones and thyroxine affect
and control feather pigmentation in brown Leghorn fowl.
and more importantly, the physiological thresholds of these
hormones were correlated with the growth rate of feathers

(Juhn, Faulkner, and Gustavson, 1931). The latter discovery
used

4S

tools for analysis led Lillie and Juhn (1932 & 1938)

to formulate in clear cut terms the underlying principles
of development of feathers.

They were the first to describe

and give importance to the movement of the barbs from their
origin at the ventral triangle to their attachment to the
rachiS, calling this 'tangential movement.'

This concept

replaced a somewhat different one formulated earlier by
Davies (1889).

In the meantime, a thorough study of the

mesodermal constituent and blood circulation of the pulp
and their functional signIficance during feather regeneration
was undertaken by Lillie (1940).

About that time, Willier

and Rawles (1940), using a technique of grafting embryonic

5

limb buds

bet~een

colored breeds and white Leghorn domestic

fowl at critical times, demonstrated that determination of
feather color pattern 1s a function of the melanophores.
In the years following, many excellent papers on the detailed
mechanism of feather pigmentation which involved an interplay of a number of factors; such as, hormones, growth
rate of cell constituents, melanophore behavior and
properties inherent in the epidermal component of the
follicle (e.g., rhythm) where barring is involved in a color
pattern, were published.
Up to this time, no serious attempts had been made to
explore problema of feather development with techniques
commonly employed in experimental embryology.

Professor Lillie

did conceive of the possibility of cultivating in vitro,
parts of the collar of a regenerating feather at various
stages of regeneration to find out if there are differences
in the developing potency of the explants, in much the same
way potencies of the chick blastoderm were ascertained
through tissue culture techniques.
with

t~ia

A series of attempts

objective in mind, however, failed.

The firat

successful experimental approach was reported by Woitkewitch
(1936) who loosened a young regenerating feather from the
baae of the follicle, rotated it 180 degrees and then
implanted it back into its follicle.

He noted that such a

6

feather, upon healing and resumption of growth, possessed
a new orientation corresponding to the rotation it acquired
during the experiment.

The significance of this result

was not realized until a few years later when LilHe and
Wang (1941) and Wang (1943) reported their findings with
regard to the function of the papilla, namely that the
mesoderm of the papilla induces a bilaterally symmetrical
field in the overlying ectoderm following which the ectoderm
becomes a self-differentiating system.

LilDe and Wang (1941

and 1943) and Wang (1943) performed experiments involving
operations of one kind or another on the papilla itself
either in situ, or transplantation after its isolation.
Transplantationa of whole or of parts of papillae or even
combinations of parts of papillae between different feather
tracts were performed.
These investigators (1941) reported results which
indicate that the morphogenetic control by the mesodermal
component of the papilla consisted of an induction of a
bilateral symmetry in the overlying ectoderm.

This

induction was achieved through the formation of the earliest
formed barbs coinciding with the future rachis.

Papillae

transplanted subdermally in areas normally devoid of feathers,
i.e., between tracts, when successfully incorporated by early

7
vascularization, invariably produced follicles and feathers,
thus strongly suggesting that the inductive capacity in
question resides in the papilla.
It was therefore established that the dermal papilla
alone (without its epidermal coverings) can form a feather
by incorporating adjacent epidermal cells even in a strange
site.

In fact, by implanting denuded papillae between the

breast and saddle in brown Leghorn capons, the results
showed conclusively that whereas tract specificity (length,
shape t form, growth rate. and pigmentation) of a feather
resides within the epidermal component of the papilla; the
dermal component, though contributing nothing toward the
substance of a feather, nonetheless is indispensable because
it initiates development, determines the featherts
symmetry, directs the orderly emergence and subsequent
differentiation of the barbs and barbules -- in short,
actually acting as an organizer in the development of the
feather.

These conclusions were also reached by Lillie and

Wang (1941) from in situ defect experiments on the papilla;
a dorsal half-papilla regenerates a complete feather, a
ventral half-papilla gives rise to only a tuft (rachis-less)
feather while a lateral half-papilla may give rise to a
half-vane feather.

These results furnished a substantial

-
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basis for deducing that the inductor is located in the dorsal
half-papilla and that it appears to be concentrated along
a dorsal median locus with inductive capacity tapering off
laterally on both sides (absent completely from the ventral
half), thus embodying a quantitative concept with regard
to the operative sphere of the inductor postulated.
the work of Lillie and Wang cited above. important as
it was in establishing feather development as a phenomenon
of induction and delineating the morphogenetic roles of the
epidermal components of the papilla, did not, however, yield
information as to the actual operative mechanism of the
induction thus demonstrated.

Their conclusions, which were

based on, and mostly deduced from. their analysis of
experimental results, failed to provide a satisfactory
explanation of the necessary physical basis that must exist
in order to account for the contrasting morphogenetic
property of the dorsal and ventral halves of the papilla.
To put it Simply, what does the dorsal half possess that
the ventral half lacks? Bow does the inductor work?

For

many years, repeated efforts were directed toward finding
differences, morphological. histological or physiological,
that might exist between the dorsal and ventral half-papillae,
but with no success.

Recently, however, it was found by

9

Wang (1964) that the distribution pattern of the nerve endings
is not the same throughout the papilla but that the dorsal
half-papilla contains more abundent nerve endings coupled
with a different pattern than that of the ventral half.

This

finding actually constitutes a motivation for the present
investigation, which was to test a tentative hypothesis that
the nerve endings in the papilla may be the key to the inductive
mechanism long sought for.

If so, by depriving the papilla

of its nerve endings, it should be possible to destroy the
inductive power of the papilla.

This study proposes to

achieve this very goal through a denervation procedure.

-
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Purt B.

Innervation of the Papilla

The following literature on innervation is limited to
hair follicles and hair papillae as apparently no work has
as yet been done on innervation of the feather papilla.
But since hair. and feathers are homologous structures, a
similarity of innervation may be taken for granted.
Burns (1935) observed that in the cat the

~
8ympat~ic

(autonomic) nerves travel with the spinal nerves to the
periphery_

They leave the main trunk in small groups

often in the company of somatic fibers.

The more or less

regular arrangement of afferent fibers investing the hair
follicle was further described by Kuntz and Hamilton

(1938).

~untz

(1953) stated further that the sympathetic

(efferent) fibers are present in the perifollicular
plexus and in the connective tissue papillae (i.e., the
dermal papilla).

The function of the latter probably has

to do with the control of blood vessel caliber as a
regulatory medium for the nutrition of the growing hair •
In addition, the

.d-

sympat~c

fibers also innervate the

arrectores pilorum and sweat glands.

Peele (1961) further

states that the sympathic nerves are the only innervation
to both of these structures.

11

On the other hand, the effect of denervation upon

growth of epidermal structures has not been agreed upon.
According to Doupe and Sharp (1942-43) denervation had no
effect on hair growth.

However, Suder1and and Ray (1952)

reported that fingernail growth was slightly retarded by
nerve injury and this retardation appeared to be enhanced
in extent when nerve injury was accompanied by vascular
interruption.

These observations were made on humans

with nerve and nerve·vascular injuries.

Kuntz (1953) also

reported that in cases of alopecia radiata both the number
and caliber of capillaries is decreased in the bald areas
and that sympathetic hypertonicity seemed to be a significant
factor in spontaneous failure of hair growth.

He also

noted that areas of skin deprived of nervous control may
subsequently exhibit excessive hair growth.
Since the reported investigations of the effect of
denervation upon growth of epidermal structures do not
clearly define the functions of the nerve endings present
in their inducing structures, and since the only physical
difference thus far noted in the feather papilla is an
unequal distribution of nerve endings in the ventral and
dorsal halves, this investigation may yield specific
information regarding the function of these nerve endings.

MATERIALS AND METHODS

The animals employed in this study were pure bred,
single comb

J

light brown Leghorn fowl.

They were kept

in cages (two to four to a cage) under normal laboratory
conditions.

They were fed a diet of Purina Layene and

Romeo Scratch Grains (com, oats, wheat and millet).
Water was available at all times as was the food.

Experimental desias_

To study the effects of denervation

upon feather development

and morphology, the birds were

divided into two groups.

In Group A, the denervation

procedure was performed on the left breast area wben the
regenerating feathers were ten days old.

Group B had the

feathers plucked ewenty days subsequent to denervation.
As a control, the corresponding follicles of the right
breast were plucked at the same time as those of the
left.

Feathers of the right breast, therefore, were of

the same regeneration age as those of the left, except
that they regenerated from papillae with an intact nervous
component.

The feathers originally present in the

experimental and control follicles were kept for studies
on normal variations insofar as they serve as normal
controls.
12
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Analytical data resulting from the above operation
consisted of two main catagories:

(a) Young regenerating

(pinfeathers) feathers from corresponding experimental
and control follicles were plucked and split preparations
were made from them.

Their papillae were removed for

histological studies and processed especially for nerve
endings.

These will provide the information on the

direct consequence of the denervation procedure.

(b)

fully regenerated feathers (from experimental and
control follicles) were plucked for a detailed comparative
study including total length. shape, pigmentation and the
general state of the feather.

The operated birds were kept

under general observation with attention being directed
to any differences between the feathers of the left
(experimental) and right (control) breast that might be
attributable to denervation.

During this period, the

~rt~

growthAof these feathers was obtained by direct measure-

mant.

Depervation procedure.

The nerves to the breast tract

are the anterior (ventral) cutaneous branches from the
lateral raaus of the intercostal (spinal) nerves.

These
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nerves are usually seven in number and arise from the
intercostal spaces in the lateral thoracic wall.

From

the point of emergence they travel ventrally in the
fascia that covers the thoracic wall and pectoral muscles.
As they proceed directly ventral, they cross the obliquely
oriented main vascular supply (lateral thoracic artery)
to the breast field.

The nerves then travel with this

vessel and its branches to their eventual terminations
in the breast tract.

These nerves are concerned only

with the skin and therefore, according to the literature,
contain only somatic a££erant and visceral efferent
(autonomic) fibers.
The bird was removed from its cage, weighed and
tied on an operating board.
ar~und

By putting restraints

the base of the wing and the legs above the spurs,

the bird could be positioned at the discretion of the
operator.

From the weight of the bird the anesthetic

dosage vas calculated.

Sodium Nembutal in the concentra-

tion of fifty milligrams per cubic centimeter was used,
i.e., one-half cubic centimeter of Sodium Nembutal per
kilogram of body weight.

The proper volume of Nembutal

was injected intra-peritoneally.

While the anesthetic

IS
was taking effect the operative area was plucked, cleaned,
and the entire bird, except for the area of the incision,
was covered with towels.
The nerves to the breast area were exposed by a
longitudinal inciSion. extending from a point in front of
the wing insertion along the full length of the thorax,
to a point one and one-half inches below the last rib.
Each nerve was then securely ligated at a point one-half
inch from its point of emergence from the intercostal
space.

A second ligature was placed as far ventrally as

the incision exposure would allow.

The intervening section

of nerve, usually from one-half to one inch in lenlth,
was excised with its surrounding fascia.

The cut ends of the

sectioned nerve were then coagulated with electro-cautery
and the ligatures cut close to the knot and left in
place.

With the aid of a dissecting microscope the main

blood vessels to the breast area were cleaned of connective
tissue and the nerves present dissected free and sectioned
as indicated above.

The main blood supply to the

breast area was left intact.

The entire incisional area

was then examined with the dissecting microscope to be
sure all nerves were removed.

The skin was then approximated

..

~ --~-------------------------------------.
~----~-----------------------------------------,
'
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with interrupted silk sutures.

Observations of the papillae and feathers, and analYsis
of growth rates and total lengths.

The histologically

processed papillae from the experimental and control
follicles were examined.

The control papillae were

analyzed for the normal distribution of nerve endings,
the relationship of the nerves to blood vessels, and
so on.

A careful comparison was made between the

experimental and control papillae in these respects.
The growth rate of feathers was obtained by direct
measurement of the regenerating feathers at specified
intervals.

The base of a millimeter ruler was placed

at the mouth of the follicle under the feather, the
feather placed upon the ruler, and the length read
directly therefrom.

leather growth rates were analyzed

by plotting the rachis length against regeneration time
(days).

This was done first for each individual bird,

separating the anterior breast from the posterior breast
feathers.

From this data, a mean growth curve was

constructed for each group of experiments by taking the
average of ten day growth increments.

se

The" same data
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wae

also analyzed on the basis of an average per diem

growth rate.
Total lengths attained by the control and experimental
feathers were compared.

In addition, the original feathers,

which served as normal controls, were also used in this
comparison.

The comparisons between experimental and

control feathers on the one hand, and comparison between
these with their respective normal controls (originals)
were made for the purpose of statistical analysis according to the Student T test (Batson, 1957).
The general morphology and other conditions of the
feathers were studied by keeping a record of the defects
in the feathers, if any, such as the occurrence of
curved rachis and depigmentation.
The split preparations of pinfeathers were studied
for possible information pertaining to the apex of the
feather with special reference to its morphology and
pigmentation.

Histological Processing.

The papillae of pinfeathers

were fixed in Bouin's fluid, embedded in paraffin,
sectioned in series at eight micra and mounted.

They
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were then stained for nerve endings by the Bodian's
silver impregnation (Protargol) method (1936), and a
cytoplasmic counterstain (Eosin B) was employed.
Split preparations of pinfeathers were mounted on
glass slides, fixed in neutral formalin, dehydrated,
cleared in xylene, and covered with a coverslip.

Photography and photomicrography.

Fully grown, correspond-

ing, control and experimental feathers were mounted on
poster board and pictures taken to show their morphological
features.

Photographs were also made to illustrate the

operative procedure.
Photomicrographs (35mm Xodachrome) of representative
sections of the papillae were made to reveal the relative
histological structure of the experimental and control
papillae, with particular reference to the nerve endings,
both their density and distribution.

EXPERlMElffAL RESULTS

The results to be presented below are based on a
total of twenty denervation operations, thirteen of which
were proven to be complete by histological evidence from
serial sections of papillae of young regenerating feathers.
The latter (papillae) were obtained from each of the
operated bird., two from the left (experimental) and two
from the right (control) breast areas.

In this process

pinfeathers from the .ame follicles were saved from which
split preparations were prepared.
The growth rate was determined from curves constructed
from data obtained on twelve feathers of each breast
(left and right).

lor total length studies, the normal

control feathers (i.e., those preceding the operations)
were also used, thus doubling the number of feathers used
for growth rate studies.

H1,tology of Papillae
Normal papillae.

The Bodian-stained nervous elements seen in .

sections of papillae are of the category of nerve endings.
lor this reason, the description which follows pertains
19
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more to their distribution than branching in the ordinary
sense of the word, e.g., branching of a vessel or nerve
which involves a steady decrease in caliber.
One or two bundles, each comprising nerve endings,
were seen to penetrate the normal (control) papilla from
below in company with tbe vascular supply (fig. 6).

After

thus entering the papilla, and as they keep traveling
apically with the blood vessels (fig. 8, 12 & 14), a
progressive dispersion of the nerve endings, gradually
reducing the bundles into Single filamentous nerve endings,
was observed.

A differential dispersion pattern was

nevertbeless apparent.

In the basal portion there was a

random radial dispersion, but at higher levels of the
papilla, more

abundant nerve endings were seen in the

dorsal than in the ventral half (Wang, 1964).

This

differential pattern continued on to the apical area.

In

this region, because of the abundance of blood vessels,
a topographical relationship between these structures and
the nerve endings was clearly seen (fig. 16-20).

In fact,

throughout these sections the presence of nerve endings
in close proximity to blood vessels of all sizes was
consistently observed.

Aside from this phenomenon, nerve
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endings were also frequently seen to be terminating in
areas of connective tissue, which formed the bulk of the dermal
component of the papilla (fig. 16-20).

Experimental Papillae.

A number of differences were

consistently found between the normal and experimental
papillae, however. the most important of these was the
finding that the experimental papillae were completely
devoid of nerve endings (fig. 7, 9, 11, 13 & 15).

This

constitutes unequivocal evidence that the denervation
procedure was a success.

It followa that the finding of

this investigation can be attributed to the denervation
procedure, i.e., the differences seen between control and
experimental materials reveal whatever function and/or
trophic influence is normally exerted by nerve endings in
a papilla.
The experimental papillae appeared to be slightly
reduced in size and were less compact.

Noticeable too,

was a reduced density of the connective tissue as suggested
by a decreased number of adequately stained nuclei (fig.
9 & 11).

As an expected consequent af denervatian, the

lumen of the papilla's central artery was dilated
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(fig. 7 & 9).

This was in sharp contrast to control

papillae in which the same vessel normally appeared
constricted to a degree that no lumen is discernable
(fig. 6 & 8).

General effects of denervation.

FollOWing denervation,

the bird. were observed to be unable to ruffle the left
breast feathers.

This is in noticeable contrast to the

control side (right) where ruffling could easl1y be elicited
by touch.

The feathers of the experimental side gave no

response to touch a. compared to those of the control side
which frequently gave the typical ruffling respon.e as if
in an attempt to move away.

Similarly, plucking of

actively regenerating pinfeathers from the denervated side
elicited no overt response (with no iriS reflex), whereas
this same procedure on the control side would result in
)

the birds jerking away, flapping its wing., and occasionally
emitting a cry-like sound (the iri. reflex invariably
being present).
a loss of

These observations all clearly indicate

8ensO~Y,

motor and reflex activity.

Specific effects of 9enervation.

In this section the
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developing and fully formed feathers and analysis of
data will be considered.

Evidence from formed feather,.

With the exception of the

group of feathers allowed to regenerate for ten days before
denervation, white tips occurred on many of the feathers
of the experimental side (fig. 1).

The depigmented tip was

longer in the faster growing posterior breast feathers.
At this time (while the these. is being written) most of
the operated birds are generating their third or fourth
generation of feathers (completely regenerated feathers
of both breasts of each generation were plucked and
preserved).

The white tipping has not only persisted

throughout succeeding generations, but the area covered
by it grew longer and bigger in each successive generation.
Also the

~ber

of feathers involved kept increasing

generation after generation.

In this investigation, a

white-tipped feather occurred only once on the control side.
Groas defects in feather tips were also more frequent
on the experimental side (fig. 1 & 4).

Out of 120 feathers

from each breast of the group plucked after denervatlon,
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nineteen experimental feathers had defective tips as
compared to only two with similar defective tips of the
control side.

This is a ratio of approximately 10:1

frequency.
Another gross defect observed was a curved rachis.
It was encountered with a higher frequency in feathers
from the experimental follicles.

Usually the curvature

involved the vane portion of the feather. and was
associated with a defective tip (fig. I, 4 & 5).
There was also a difference in the time of breaking of
the feather sheath between experimental and control feathers.
A delay was often noted in the former.

In such cases, the

experimental feathers, after they had completely regenerated,
might still retain their sheaths, covering the entire
length of the fluff (fig. 5).

Comparable controls, on the

other hand, seldom retained their sheaths this long.

Evidence from split

preparat~ons.

The split preparations

showed that the depigmented feather tips were of two types.
The first type had no pigment in the rachis, barbs,
harbules or hooklets.

This type occurred at the very tip

of all dep1gmented
depigmented feather apices and occasionally throughout

2S

the depigmented area.

The other type revealed the

irregular and interrupted deposition of pigment in the
rachis and barbs. but the barbules and hooklets were completely devoid of pigment.

This type. however, would still

appear as a true pigmentles8 tip to the unaided eye
.(fig. 21-26).

Evidence from ADAIIai. of featber growth.

The data on

feather growth rates were compiled from those birds which
gave positive evidence of successful denervation (see p. IS).
The average growth rat. of these feathers

WAS

slower than

their control counterparts during the ftrst month of
regeneration.

During the second month. however, this

relative growth picture changed in favor of the experimental
feathers.

This was not the result of accelerated growth

of the experimental feather, but rather wasdwe to the fact
that the controls, having already

atta~ned

at least two-

thirds of their total length. had slowed down considerably
(Table 1 & II; fig. 27-30).
that the
fe-atter

great~st

This is evidenced by the fact

rate ever attained by the experimental

~ever ey.c~eded

the greatest rate of the controls

(Tables III & IV; fig. 31 & 32).
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Evidence from analysis of total length.

In line with the

above findings regarding a generally depressed growth rate
of experimental feathers, the total length attained by these
was significantly less.

The following analysis of the data

will bear this out.
Statistical analyses were made on four groups of
feathers, for each bird, which consist of;

(1) the original

controls (right), (2) the original controls (left), (3)
experimental controls (right), and (4) experimentals
(left) (using the terminology given in the section on
Material and Methods).

Since there were twelve experimental

feathers from each bird, a complete set would constitute
forty-eight feathers (twelve in each of the four groups).
A set was only ut11ized in this analysis if all four of the
corresponding feathers were available.
the feathers from the group of birds that were plucked
twenty days after denervation will be considered first
(Table V).

In this group, all experiments were successful,

but only six of the birds had completed their first generation of feathers at the time the statistical analysis was
made.

The original feathers of these animals were the

second juvenile plumage.

The effect of the juvenile plumage
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on the analysis will be discussed after the results are
presented.
First. the comparison will be between the original and
experimental controls (right side).
were

7S.~l.2

The mean total lengths

for the original control and 82.28±1.07 for

the experimental control.

This difference gave a highly

significant p value of 0.0005.
O.OOOS.

Such a high significance

reflects a substantial addition to total length attained
by the first generation of definitive feathers, and it is
also to be noted that th1.e increment resulted from a change
in form of the feather from the juvenile to the definitive
type.

This increase in average total length was 7.84mm,

which occurred normally as expected.
Next, this same analysis was applied to the left
(experimental) side.

The mean total length of the original

control was 72.31tP.8 and for the

experimenta~

15.73±1.1.

The calculated p value was 0.011, which is significant.
But, in considering the

I!!! significance of this comparison

cne he.s to bear In nll.nd the fact that these were the same
birds as those used in the above comparison. that is, in
both cases, the two feather generations represented were
the last juvenile and first dafinitive.

The Significance
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of the present comparison (p-o.Oll) then, is much less
than that of the first comparison (p-O.0005).

Such a

substantially reduced statistical significance brings to
light the fact that the experimental feathers grown in the
absenc~

of nerve endings were actually far from being able

to attain the normal length characteristic of the tract.
Further significance of the data will be shown by
comparing the total lengths of experimental feathers and
their controls.

In fact, th1s comparison 1. the most valid

because these feathers grew at the same time, and represented
products from one set of papillae with their normal nervous
endowment, and another set experimentally deprived of it,
thereby giving us direct information on one of the possible
morphogenetic roles played by the nerve endings of the
papillae.
The right (experimental control) feathers had a mean
total length of 82.28±1.07 and the left (experimentals)
75.7~l.1.

The p value of this comparison was a highly

significant J.0005.

This value is even more significant

than it indicates because the feathers here involved did
not come from the last juvenile and first definitive
generation, but rather both sets were definitive.
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We will now consider the experimental and control
feathers from nine of ten experiments (the tenth bird was
lost through death), in which the denervation operation
was performed ten days after plucking (Table VI).

On the

basis of histological evidence (p. 12) the group was
further diVided
divided into those successfully denervated (three)
and those which were failures (six).
The successfully denervated group will be considered
first.

Comparison between the normal controls and

experimental controls (Groups 1 & 3) will be examined.
This comparison was made to obtain information on the
possible range of normal variations in length between
generations of definitive feathers from the .ame follicles.
The mean length of these feathers were 87.06±1.92 and
87.93+1.72 respectively, with a non-significant p value of
0.37.

This simply means that the two generations of

feathers which grew from the same normal papillae did not
vary significantly in total length attained.
The same analysis on the experimental side (left)
gave a mean of 88.18±2.24 for originals and 88.86±l.91
for the experimentals.

These figures gave a p value of

0.48, which is also not significant.

This i. not as would
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be expected.

Two reasons, however, may be offered for it.

First. the experimental feathers were already in their tenth
day of regeneration at the time of denervatien.

In other

words, during this ten-day interval, they had been under
whatever influence the nervous component of the papilla
normally exerts.

During this time, the rachis primordium

had been established (Lillie and Wang, 1941).

Second,

let us take into account the fact that in these birds this
generation of feathers grew a little longer than its
predecessors (oTiginals).

This, though true on both sides,

nevertheless indicates a noticeable difference in degree;
that is, the control 'ide increase in mean length was
O.87mm as against O.08mm for the experimental side.

At

least this is a trend in the same direction as in those
cases $hown above, concerning denervation subsequent to
plucking_
The second comparison of this group was between the
original controls of the two sides, and between the
experimental and experimental controls.
mean length of

87.0~1.92

The former gave a

for the controls on the right,

and 88.78±2.24 for the left Side, giving a non-significant
p value of 0.30.

The mean length of the experimental control
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was 87.93±1.72, and of the experimental 88.86±1.91, which
likewise yielded a non-significant p value of 0.3S.
Even though the two p values in this comparison, by
themselves, did not attain a statistically significant level, a
definite trend can nevertheless be uncovered from an appraisal
of the relative increment of total feather length on the two
sides.

Normally this increment amounted to l.72mm, the left

breast feathers being longer than the right.

Jut this normal

variation was reduced to O.79mm after denervation of the left
side.

On! priori grounds, this can be attributed to the

absence of the nervous components in these papillae.
Something definite was learned even from the eases known
to be unsuccessful.

The results from these consiatently showed

a close Similarity to cases of experimental controls, i.e.,
birds in Which the left breast was

sham~operated.

these instances gave negative results.

Both of

This means that so

long as part of a nervous complement is present in a papilla,
whether it presents the normal complement as in intact
papillae, or a reduced complement as a result of the experiment,
it will produce a normal feather.

--DISCUSSION
The purpose of this investigation was to determine
the morphogenetic functions of the nerve endings present in
the feather papiIB.

It had been suggested that one possible

role the nerve endings might play could be associated with
the inductive capacity of the dermal component of the
papilla (Wang t 1943; 1964).

This was, indeed, the specific

information we sought, and found.

The results have shown

conclusively that these nerve endings, though important
in other respects (see below) gave no evidence that they
serve as a physical basis for induction.

For throughout

the experiments, successfully denervated papillae invariably
we~e

not seriously impaired in their rapacity to give rise

to feathers.

Papillae devoid of nervous influences were

able to produce feathers of normal orientation for as many
a~

three generations.

This fact indicates that the nervous

component of the papilla, although preferentially distributed
to the dorsal side (cf. Wang, 1964) bears no relationship
to the mechanism of induction inherent in the dermal component
of the papilla.

In short, the function of the nerve endings,

is probably not concerned with induction.
32

Thus the problem
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of the mechanism of induction remains open, and is yet to
be resolved.
The strength of this investigation apparently lies
elsewhere.

Aside from Wang's (1964) preliminary finding of

the presence of the nerve endings in feather papillae,
this work is the first substantial report on their histology
and distribution in the papilla.

In addition, it was

convincingly demonstrated that these nerve endings would
undergo complete degeneration follOWing a procedure in which
the nerve branches supplying the breast area were severed and ligated.

'.rhus, an effeetive means for experimentally depriving

the papilla of its nerve endings has been found.

The merit

of this denervation procedure is self..evident. and is not
necessary dependent on the number of succelsful eases.
Besides, as val made clear (p. Jil. even the unsuccessful
(operation-wia.) cases served a useful purpose, namely to
supplement and reinforce the information derived from
operatiouel (experimental) controls.
results are clear cut:

In other words. the

both the intact (control) papillae

and those experimental ones found to contain a reduced
number of nerve endings. attributable to operational
failure, gave rise to normal or nearly normal feathers.

In sharp contrast to these, feathers, produced from

papillae completely devoid of nerve endings, were found.
upon careful analYSiS, to differ from the normal in a
number of ways.

It was these differences that constitute

a valid basis for deducing the roles which nerve endings
may normally play in feather development.
What were some of these differences? Most significantly,
the experimental feathers grew at a reduced rate and attained
a total length below that of the controls.

The growth curves

(flg. 27-30) indicated that the control side of the breast
had attained two-thirds of its final length during the first
month of regeneration while the
attabed one-half.

experimental side had only

This fact indicates why the daily average

growth of control feathers decreased during the second
The experimental feathers, on the
other hand, continued to grow at a relatively greater rate
because they still had half of their length to attain.

In

spite of thiS, the experimental papillae were never able
A~

to grow at a rate M great that of normal papillae.
1

The

significant differences in total lengths of the control and
experimental feathers proved that the papillae deprived of
their nervous component were not able to produce feathers
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of normal length.

All this indicates that the papilla

cannot function at its optimum capacity without its normal
complement of nerves.

These observations of reduced growth

rates are in agreement with the work of Suder land and Ray
(1952). who observed a reduced fingernail growth rate in

the absence of nervous influence.
That the experimental papilla operated at a below par
physiological level was fully substantiated by morphological
findings in our study on serial seetions of specially
processed and stained papillae.

For instance, the experi-

mental papilla disclosed that the lumen of its central
artery was dilated and the peripheral vessels (capillaries)
contained as many as ten to twenty erythrocytes.

The

dilation of arterioles (vasomotion) is known to be the
result of two different control mechaniSms, one direct, the
other indirect.

The indirect control is by way of the

autonomic fibers present in the smooth muscle of the
vessel's medial layer and the direct through the metabolites
present in the extra-cellular fluid of the area.

This

second mechanism sets up a "demand-supply" system which
regulates the blood flow by meeting the metabolic needs of
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the local tissues (Ruch and Fulton, 1960).

The indirect

control over the vessel's diameter, however, is based on
the needs of the entire organism.

In either case, the

smooth muscle component of these vessels assumes a dominant
functional role.
The smooth muscle cells of the central artery in the
expe~ntal

papillae appeared abnormal in that they revealed

indistinct nuclei and cell boundaries.

In view of these

histological abnormalities, it would seem that the nerve
endings normally present in these tissues may have a trophic
as well as motor and sensory function.

If this denervated

vascularsnooth muscle is not structurally competent to carry
out ita function, then the direct (metabolite) control
mechanism of vasomotion eould not evoke its normal effect
on the smooth muscle in response to loeal tissue demand and
the vessel would remain dilated.,
On the other hand. the control papilla·s central artery

was constricted. and the smooth muscle cells'were very apparent.
The peripheral vessels contained only two or three blood cells
in their

lum~,

The constriction of the central artery

is probably due to cutting of the follicular wall while
the

papilla was being removed for histological processing.
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This manipulation presumably stimulates the sensory
(afferent) endings in the follicular wall (MOntagna, 1960),
which in turn synapses with autonomic cells present in
the *pinal cord, causing a reflex vaso-constriction.
Another major difference noted in the histological
sections of the experimental papillae was a decreased
density of connective tissue nuclei (which could have
resulted from a reduced staining capaciti). This would seem
to indicate an impaired condition of the tis.ues in general.
Several possible reasons for this occurrence are conceivable.
The lack of nerves to the area could have this affect if
they had a normal trophic influence directly on these
tissues (Kuntz, 1953).

An indirect cause could be the

phenomenon described above in connection with the dilated
central artery of the papilla, or it could be due to a
decreased capillary peTmeability which Asher (1937)
described in skin deprived of ita sympathetic nervous
component.

Anyone of these causes, in essence, is an

indication of a diminished trophic influence in this area.
Other noted evidences for conditions of adversity
were a smaller size of the experimental papillae and their
appearance.

They suggest that the nerve endings sx.ert
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certain trophic influences having to do with the general
well-being of the papilla itself, which, in turn,
adversely the growth of the

f~ath~r

(Sunderluud

affects
&ay,

a~d

1952 and Asher. 1937).
Aside from growth rate and total feather length
already considered, other adverse effects may now be
briefly reviewed.

TWo of these, which have attracted

essentially equal attention in this work, were structural
and pigmentation defects occurring to a varying degree
in the experimental feathers.

'lbe
'!be fomer
former were usually confined

to the apex, involving barbs, barbules, and hooklets.

'!be
'lbe

phenomenon of depigmentation likewise was observed to involve
various specific regions or parts of the feather.

Structural

and pigmentation abnormalities were observed in both the
fully formed feathers as well as in the split preparations
of p:1.nfeathers.
pinfeathers.
Since depigmentation was limited to the apical area of
the vane, the failure of the

5

melanophor~

to produce pigment

probably occurred mainly during the first period of feather
growth (barb-ridge formation). This is the period of greatest
activity in the dermal papilla and consequently, a papilla
not in optimum condition will find itself at a disadvantage,
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or in other words, under great stress of a physiological
nature.

Both Woitewitsch (1936) and Lillie and Wang (1941

and 1943) have shown that the time the epidermis becomes a
self-differentiating system, under the influence (inductive)
of the dermal component of the papilla, very early during
regeneration, constitutes a critical period.

A8 such, the

papilla is most sensitive and susceptible to adVerse
conditions.

Our results seem to show that the absence of

nerve endings has a deleterious effect on the papilla
during this critical period.
Three additional adverse effects of papilla denervation
belong in this catagory.

These are:

an occasional curved

rachiS, failure of breaking of feather sheaths, and instances
in which a young regenerating feather suddenly ceases to
develop and forma a calamus.
The remaining results of this investigation have
contributed to an understanding of the loss of afferent
function as a direct result of the denerYation operation.
There were many

t~'1'p.s

of

evid~ce

sensory nerves to the breast area.

ind:.lcating ,-estruction of
The los. of touch

sensation was proved by a lack of response observed while
measuring and plucking feathers (Kuntz and Hamilton, 1938).
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The absence of iris reaction (pupil dilatation reflex)
when plucking feathers was an additional indication of
afferent nerve 108s.

The bird'. inability to ruffle its

feather indicated loss of visceral efferent (autonomic)
innervation of the arrector pili muscle (Kuntz, 1953 and
Peele, 1961).

These differences between the activity

on the control side of the breast and loss of activity on
the experimental side are indicative of some of the normal
functions of the nerves distributed to the breast area.

SUMMARY

Denervation was performed on the left breast tract in
twenty brown Leghorn fowl (mostly cocks), leaving the right
breast unoperated.

In each experiment twelve corresponding

follicles, selected and marked. served as experimentals
(left) and controls (right).

Pre-experiment feathers of

these chosen follicles were either plucked ten days prior to
the time of operation or twenty days following denervation.
Feathers regenerating from the experimental and control
follicles were measured at intervals for growth rate and
plucked after they were completely grown.

Data on their

growth rate and total length were statistically analyzed.
The form. structural details, and pigmentation features of
these feathers c0D8tituted the remaining portions of the
results.

In addition, serial transver,e and saggital sections

of representative experimental and control papillae from
actively regenerating feathers were fixed and stained
according to Dodian's silver impregnation technique for
nerve fibers and endings, and counterstained for other
structural details.

These histological preparations

provided a basis for determining the degree of success of
41
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the experiments as well as for evaluating the effect of
the denervation upon the papilla.

Split preparations of

pinfeathers were also prepared to learn the nature and
extent of structural defects and depigmentation of the
experimental feathers.
Specific findings of this study are briefly summarized
as follows:
1.

Sections of papillae from birds successfully denervated
invariably showed no trace of nerve endings in sharp
contrast to control papillae which displayed a regular
pattern of distinctly stained nerve endings.

2.

The papillae deprived of nerve endings throughout
feather regeneration produced significantly shorter
feathers and at a slower rate than the controls.

3.

'eathers produced from papillae with nerve components
intact for the first ten days of feather regeneration
showed these same modifications but to a lesser degree.

4.

Experimental feathers exhibited depigmented tips which
occurred in successive generations with a tendency
to increase in extent.

S.

The incidence of curved rachiS, defective feather apices
and barbs was very high among the experimental feathers.
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6.

The sheath that supports the regenerating feather
during its development remained in place on the
experimental feathers for a longer period of time (after
growth was complete) than on the control feathers.

7.

The experimental papillae had dilated blood vessels,
a reduced concentration of tissue, and a reduced size.

8.

These results were interpreted as direct consequences
of a complete absence of nerve endings in the papillae.
the latter, in turn, was brought about by the
denarvation procedure employed in this investigation,
evidence of which was supplied by histological sections
of the papi nee.

9.

Other functions lost by the denervation procedure were
eVidenced by the disappearance of sensory and motor
modalities in the area concerned.

10.

From these results, it was concluded that the morphogenetic potentialities of the papilla were impaired
by removal of its nervous component.

The results did

not support the theory that the nerve endings of the
papilla may have something to do with the mechanism
of induction.
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TABLE I

I

AVERAGE FEATHER GROWTH RATE OF THE GROUP OF BIRDS DENERVATED
TEN DAYS AFTER PLUCKING.
,

I

Feathers 1-6 Right Side (control)
;nays
I
!

!Q.

20

2.Q.

~

.QQ

60

Final

Orig.

721

11 .6

29.6

46.1

62.3

78.5

87.0 87.5

76.5

656

2.0

23.4

44.8

60.3

69.75 74.5 75.0

76.7

658

7.5

25.0

48,,-5

70.2

76.6

83.2

84.9

~1.1

77.8

224.85 244.5 245.7

238.1

7.0

25.9

74.9

81.5 81.9

79.3

Final

Orig.

Birds

Total
t

•

Averase

139.4 192.8
46-.4

64.2

83.0

Feathers 1-6 Left Side (experimental)

-

Days
~

20

2.9.-

~

~

2Q

721

10.5

28.0

45.3

61.4

77.5

85.8

e6.3

$9.75

656

2.5

24.5

45.8

63.0

75.75 80.5

81.8

82.5

658

7.5

24.2

47.0

68.8

75.3

82.0

82.7

82.3

Total 120.5

76.7

138.1

244.6

Averag§ 6.8

2$.5

46.0

193.2 228.55 248.3 250.8
64.4 79.5 82.8 83.2

Birds

81.5

I

.
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TABLE I
(continued)

I

,

I

(control)

Feathers 7-12 Right Bide

.

-

.

Days
. Birds

1L

gQ

2Q

!tQ

2Q

I

-

-

2Q.

Final

104.5 108.8

orig.

721

2.5

26.8

49.5

71.6

93.8

656

3.7

26.5

49.5

67.8

81.8

86.5

87.5

90.8

658

9.0

28.3

54.5

79.2

87.8

96.0

97.4

94.4

Total

15.2

81.6

153.5

218.6

263.4 287.0 293.7

285.0

5.1

27.2

51.2

72.9

Average

Feathers 7-12 Left Side

87.8

99.75

97.9

95.0

2Q.

Final

Orig.

105

108.8

98.0

95.7

(experimental)

Days
Birds

-10

20

2Q

!Q.

2Q.

721

3.2

27.3

50.0

72.5

95.0

656

3.3

26.5

50.0

71.2

90.0

97.2

98.3

. 102.1

658

7.5

25.0

49.0

71.2

76 .6

82.0

83.0

87.3

Total

14.0

78.8

149.0

2~!lt-.9

261.6

4.7

26.3

49.6

71.6

87.2

Avera~e

284.2 289.0
94.7

96.3

287.4 '
95.8
I
!
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TABLE II

II
,,

AVERAGE FEATHER GROWTH RATE OF THE GROUP OF BIRDS DENERVATED
TWENTY DAYS BEFORE PLUCKING.
,

F~athers

-.

1-6 Right Side (control)

,:.
.. ,

Days
.!

Final

Orig.

70.5

74.0 78.0

69.8

68.0

72.0

76.~
76.3

80.9

73.0

48.5

63.4

71.5

80.0
80.C

84.1

75.8

31.0

55.0

69.5

79.8

90.0

90.9

81.9

23.5

41.0

59.0

76.5

77.5 78.8

73.1

21.4 141.5 251.4 326.9 370.3

398.8 412.7

373.6

74.1

79.5 82.5

74.7

Birds 10

20

2Q

40

2Q.

688

4.9

34.8

57.1

67.0

686

4.5

27.0

49.8

682

2.8

25.2

716

4.0

717!

5.2

,.

Total
Average

4.3

28.3

50.3

65.4

..'

60

.~

.~
.~

Feathers 1-6 Left Side (experimental)

,

Days
B1rds

10

'.:

,."

20

2Q

~

2Q.

§Q

Final

Or1g.

78.5 84.5

74.1

73.5 79.0

71.0 .,

688

5.9

34.8

50.1

68.0

73.5

686

3.0

22.3

46.3

64.3

69.0

682

3.7

26.2

47.0

59.5

65.5

71.5 76.8

72.8

716

2.0

0.0

5.8

20.5

40.0

60.0 83.0

77.4

717

6.2

24.8

43.0

61.0

79.0

79.0 81.4

76.2

Total
Avera~e

192.2 27'.3 327.0 366.0 404.4
21.6 38.4 54.6 65.4 73.2 80.8

20.8 108.1
4.2

II

371 .5 ...
74.3
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TABLE II
(continued)

......

i

I

i

F~athers

7-12 Right Side (control)

Birds
688
1

.

-

Days

.

-60

.

Final

Orig.

88.0

96.0

85.5

83.0

89.0

95.8

86.3

1Q.

gQ.

2Q.

~

~

17.5

37.7

71.5

73.0

80.5
'j

686

5.6

29.2

56.0

76.5

682

2.9

25.5

48.1

63.3

74.0

84.5

89.3

83.3

716

4.8

34.0

62.0

71.5

85.4

94.3 107.5

98.3

717

7.0

29.0

51.0

73.2

90.5

95.0

99.4

94.6

Total

37.8

155.4 289.6

357.5

413.4 450.3 488.0

448.0

Average

7.5

31.1

57.9

71.5

"

82.7

90.1

97.6

89.6

Final

Orig.

--

Feathers
7-12 Left Side (experimenta.l)
.'ij . I'
Days
10

20

2Q.

40

2Q.

60

688

10.8

37.0

73.0

71.5

81.5

92.0

@7.0

94.3

686

6.0

24.8

49.5

71.0

77.2

84.0

91.0

84.3

682

4.3

27.0

48.6

64.6

72.5

80.5

85.0

80.7

716

4.0

0.0

2.1

20.0

37.5

55.0

94.3

86.5

717

6.5

28.0

50.0

71.8

88.2

93.2

98.4

94.1 .

Total

31.6

113.8

223.2

298.9

356.9

6.3

22.8

44.6

59.8

71.4

Birds

Average

404.5 465.7
80.9

93.1

439.9
88.0
I
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TABLE III

Data from which daily average growth rates were calculated.
Group plucked before denervation procedure.
Right Side (control)
.

Feathers
1-6

Days

10
Daily rate
7-12
10
Dai~y

rate

Q=lQ.

10-20

20-30

20-49

40-50

7.0
-0.0

:rr;Q

46.4
)25
20 •
.2.05

64.2
-46.4

.0.7

25.9
- 7.0
) 18.9
. 1.89

"T:7S"

ITf:"S"

74.9
-64.2
) 1 0.7
.1.07

?til

5.1

27.2

72.9

87.8

1

. 2.21

2. 40

~9

95.7
-87.8

~

51.2
-27.2
)24 0.

1.89
+2.21

2.05
+2.40

2.05

.2.22

-0.0

Ihl
0.51
0.7

i'r

2 1.21
Avg. daily rateO. 0

::....2.d

J4.10

0

5

.¥

)521 •

2.17

2.

1 •

1.

50-60
81.5 mml

.0.

mm

.

) 7.9
.0.79

0.66
±Q.J2

)4.45

~

.0.72

A ________________ • ____________________________________

---------~

Left Side (experimental)
Feathers

Days

1-6
Daily rate

10

7-12
Daily rate

10

0-10

10-20

20-30

20-40

40-50

50-60

6.8

25.5
- 6.8

46.0

64.4
-46.0

-64.4

79.5

82.8

) 15.1
.1 .51

ffi.0.33

-0.0

ro.a

ITS.7

-:0:08

~

4.7

26.3
~40

-0.0

11i:7

~7

0.68

2 r·4~
1.1

.0.57

210
.2.1

1.87
+2.16

)4.02.2.02

~
~

ITS.4"

.2.05

~

49.6

71.6
-49.6
}22.0
.2.20

)2~·5
2 •

.2.33
2.05

r~:5§

.2.19

1.84
+2.20
)4.04
.2.02

87.2
1.6
.6

94.7

15.
10.75
1:5
~
8

.1.5

1 .51

+1 .56
)3.07

.1.53

.
g

0.33
1 .0

.0.5

••======================================================--=====
Comparison
Rt. Dails Avg.
Left DailY Av;r..

Q::1Q
0.60

0.57

10-20

20-30

2.05
2.02

2.22
2.19

20 - 40

1.98

2.02

40-50
. t .28

1.53

50-60

8:?#:&
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TABLE IV

.-. Data from which daily average growth rates were calculated.
Group plucked after denervation procedure.
Right Siqe (control)
;-'ea thers

Days

1-6
Daily rate

10

7-12
10

Q::.lQ.

10-20

20-30

30-40

40-50

4.3
-0.0

28.3
~4.
2.0
2.

50.3
)28.3
22.0
2.2

65.4

74.1

31 .1

57.9

TG

0:4"3
7.5
-0.0

rr;]
0.75
0.43

Avg. daily rate

±QJ2
2l.LJ..§.

0.59

l.!.hl

j6§:i
j6§:~

71.5

82.7

7.

~
~ ~
.3
2.3

:1.!..Q.

2.20
+2.68

0.87
+1 .12
)1.99
00995

7.

2 •

2.40

r~.·1i
203

1.'
2 •
2.

::.2Q.!l.
1 .51

1 •

1

1 .51

If! ~3
1.

6

2.

1.

o. 7

l.1l4
1 .12

50-60
79.8

I

~I

.L2..J.1
0:571

j8q

90.1 :

007

I

0.57 .

rf

1. 1 .

o. 5

i
I

------:~---------------------------------------------- --------

Left Side (experimental)
Feathers

Days

1-6

'0
Daily rate
7-12
10
Avg. daily rate

0-10

10-20

20-30

30-40

40-50

4.2
-0.0

21.6
- 4.2

38.4
-21.6

54.6

65.4

0':42 T.74

-;-:os-

6.3
-000

44.6
-22.8

T2i:2

T"f7."4
22.8

~

~3~
0.42
).6§
2 1.0
0.52

ITb.8

T2T:8

2.T8

1.74
+1.65

1 .68
+2.18

TI9

1.93

T3.3'9

)3.86

4 .,

i2~~4
1 .2

j510.

1. 2

1 .0

59.8
-44.6
) 15. 2
1.52

71.4

1.62

=tL..22
ll!..!.i
1.57

50-60 _i
73.2

j6f:i
0.7

.8

80.9

11 •

~

)7;:g

1•1

0.95

1 .08
+1 .16

0.78

)2.24
1 .12

008
~
.

1•

.
!,

,

====================~=========================================

Comparison
Rt. daily Avg.
Left daily Avg.

0-10 10-20
0.59 2.38
0.52 1.69

2°-~2
2.
1.93

30- 0

4
3
1.57
1.

40-50
0.995
1.12

50-~0

00 5
0.86

I
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TABLE V
Test of significance of the difference between mean total
lengths of the 'four groups of feathers.
Denervation performed twenty days before plucking.

--------------------------------------------------------------Group

No. of
Animals

Obs.

Mean

S.E.

~-

Rip;ht Side
Original
Control

6

54

75.4.4

1.2

Experimental
Control

6

54

82.28

1 .07

Original
Control

6

54

72.31

0.8

Experimental
Control

6

54

75.73

1 •1

Rt. original
Control

6

54

75.44

1 .2

Lt. original
Control

6

54

72.31

0.8

6

54

82.28

1.07

***

0.0005

1

Left Side'

0.011*1,

Original

0.013*

Experimental
Rt. experimental
Control
Lt. experimental
Control

6

54

75.73

1• 1

ifo**

0.0005

1

_______________ - ____________________ - - __ - - - __ - __ _ ~----- ______ --II

=
=
=
=

S.E.- standard erro~
Probability
P.
'* Significant
*** Highly significant
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TABLE VI
Test of significance of the difference between mean total
lengths of the four groups of feathers.
Denervation performed ten days after plucking.
I.

Successful Complete Denervation

--------------~----------------------------------------------~

Group

No. of
Animals

Right Side
Original
Control

3

23

87.06

1.92

Experimental
Control

3

23

87.93

1.72

Original
Control

3

23

88.78

2.24

Experimental

3

23

88.86

1 .91

Rt. Original
Control

3

23

87.06

1,.92

Lt. Original
Control

3

23

88.78

2.24

Rt. Experimental
Control

3

23

87.93

1.72·

Lt. Experimental

3

23

88.86

1 ~ 91

0.37

Left Side

0.48

Originals

0.30

First Growth

0.35

--------------------------------------------------~--- ---------

=

S.E.
Standard error
P.
Probability

=

54

TABLE VI
(cont1nued)

Unsuocessful Denervat10n

II.

-------------------------------------------------------------No. of
An1mals

Obs.

Mean

S.E.

Or1g1nal
Control

6

48

82.49

1 .16

Exper1mental
Control

6

48

86.39

1.20

GrouP

f.&.

R1ght S1de

0.012!
",

Left S1de
Or1g1nal
Control
Exper1mental

6

48

84.82

0.99

6

48

88.13

1.00

6

48

82.49

1 .16

,"

0.01251

Or1g1nals
Rt. Or1g1nal
Control
Lt. Or1g1nal
Control

1
0.075 '
I

6

48

84.82

0.99

Rt. Exper1mental
Control

6

48

86.39'

1.20

Lt. Exper1mental

6

48

88.13

1.00

F1rst Growth

________________________________

=

Standard error
S.E.
Probab1l1ty
P.
* Sign1f1cant'

=

=

~

0.125

___________ _:--------- .. __ ,______ J
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PLATE I

EXPLANATION

Figure 1.

or

rIGURE

A complete ,et of fully grown definitive
feathers illustrating apical depigmentation and morphologic defects.
The feathers are arranged in pairs across
the photograph. The experimental (left)
feather is to the left of the control (right)
feather in each pair as indicated.
The experimental feathers illustrate:
Defect

relther Number

Curved and defective
rachis .. --......- ..... - ...... ----- 9, 10. 11 " 12

55
5.
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PLATE II

Figure 2.

Young regenerating feathers in situ on
the control (right) side illustrating
normal coloration.
"',

Figure 3.

Young regenerating feathers in situ on
the experimental (left) side illustrating
depigmentation of feather tips.

j,
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F1_ure
F1 ure 2 .

F ure
Fi
re 33..

I,

PLATE III

EXPLANATION OF FIGURE

Figure 4.

A complete let of fully grown definitive
feathers illustrating curved rachises,
defective apices and intact sheath••
The feathers are arranged in pairs across
the photograph. The experimental (left)
feather is to the left of the control
(right) feather in each pair as indicated.
The experimental feathers illustrate:
Defect

Feather Number

Curved rachis --------.-- All (three
control. are curved)
Sheath present over
fluff part of feather --- All except I & 2
Defective vane ---------- 1. 3, 5 & 6

57

Figure 4.

PLATE IV

EXPLANATION 0' J'IGURE

J'igure 5.

A complete set of fully grown
definitive feathers illustrating
intact feather sheaths.
The feathers are arranged in pairs
across the photograph. The
experimental (left) feather is to the
left of the control (right) feather
in each pair a8 indicated.
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Figure
F1gu
e

5.

#,

PLATE V

EXPLANATION OF lIGURES

Figure 6.

Section through the base of a control
papilla illustrating the relationship
of nerve bundles to blood vessels.
Note the nerve bundles piercing the
connective tissue to join with the
blood vessels and the distinctness of
the arterial muscular cells.
280X.
Abbreviations:

A .. artery
V .. vein
N .. nerve bundle

Figure 7.

Section through the ba$e of an experimental
papilla illustrating the dilated central
artery and absence of nerve bundles. Note
the decreased concentration of nuclei and
lack of staining of the arterial muscular
cells.
280X.
Abbreviations:

A .. artery
V .. vein
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ligure 8.

Section through the middle of • control
papilla illustrating the relationship of
the nerve bundle to the blood ve.sel.
Note nerve endings near the vaseu1.ar wall.
280X.
Abbreviations:

Figure 9.

A - artery
V - vein
N - nerve endings

Section through the middle of an experi·
mental papilla illustrating dilated
vessels and decreased cellular density.
Note indistinctness of artery.
280X.
,,~Lbreviations:

A - artery
V .. vein
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Figure 10.

Section through the apical area of a
control papilla illustrating nerve
endings near the vascular wall and in
the periphery. Note the central nerve
bundle is no longer present.
Xl7S.
Abbreviations:

A - artery
V .. veln

N - nerve endings
Figure 11.

Section through the apj.cal area of an
ez;'crhlental papilla illustrating
dilated peripheral vessels and
decreased cellular density.
Abbreviations:

A ... artery

XI1S.

V ... vein
pV - peripheral vessel
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Figure 12.

Mid-sagittal section through a control
papilla illustrating the relation of
the central artery to the nerve bundles.

%175.
Abbreviations:
Figure 13.

A - artery
Arrows without letters - nerve

Mid-sagittal section through an experimental
papilla illustrating dilated vessels and absence of nerve bundles. Ncte vein filled
with blood and lack of nerve bundles in
relation to the central artery.
X175.
Abbreviations:

A .. artery
V - vein
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Figure 14.

High magnification of a mid-sagittal
section through a control papilla
illustrating in greater detail the
relationship of the nerve bundles to
the blood vessels.
1280.
Abbreviations:

Figure 15.

A - artery
N - nerve

High magnification of a mid-saglttal
section through an experimental papilla
illustrating in greater detail the
absence of nerve bundles.
1280.
Abbreviations:

A - artery
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Figure 16.

Longitudinal section through the
dermal epidermal area of a control
papilla illustrating the dispersion
of nerve endings in the area.,

Arrows:

nerve endings

X430.
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Figure 17.

High magnification of the upper part
of 'igure 16 illustrating in greater
detail the relationship of nerve endings
to tissue nuclei in the area.
1700.

'igure 18.

High magnification of the lower part
of Figure 16 illustrating in greater
detail the relationship of nerve endings
to tissue nuclei in the area.
X700.
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Figure 19.

Longitudinal section through the
dermal epidermal border of a control
papilla. Note nerve endings.
1430.
Arrows:

Figure 20.

nerve endings

Longitudinal section through a
control papilla. Note nerve endings
near the vein wall.
260X.
Arrows t

nerve endings
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Figure 21.

A split preparation of an experimental
pinfeather illustrating irregularities
in pigmentation. Note depigmentation
of the barb base at its attachment to
the rachis, and depigmentation of the
barbule. and hooklets.
X105.
Abbreviations:

Figure 22.

R - rachis
B - depigmented barb base
e - depigmented barbul.s

A split preparation of an experimental
pinfeather illustrating inconsistent
pigmentation. Note pigment granules
missing from part of a barb (C) and
depigmentation of the barbules (B).
%105.
Abbreviation.:

B· depigmented barbul ••
C - deplgmented area in barb
A - depigmented rachis tip
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rigure 23.

A split preparation of an experimental
pinfeather illustrating defective barbs
and depigmentation of barbules.
110S.
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PLATE XV

EXPLANATION

Figure 24.

or

FIGURE

A split preparation of a control
pinfeather illustrating normal
pigmentation of barb tips. %105.
Abbreviations:

A .. barb
B - barbule
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Figure 25.

Split preparation of an experimental
pinfeather illustrating inconsistent
pigmentation of the barb and depigmentation of barbule..
XI05.
Abbreviations:

A - pipentless barb
I - incompletely pig-

mented barbs
C - pigmented barbs
Figure 26.

Split preparation of an experimental
pinfeather illustrating pigmented
barb. with partially pigmented
barbule..
Xl05.
Abbreviations:

A ~ depigmented barb
B - pigmented barb with
partially piwn.ented
barbule
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Figure 27.

or FIGURE

Oraph illustrating the growth curve
of control and experimental feathers
from the anterior breast tract area of
birds denervated ten days subsequent
to plucking.
L .. experimental

R .. control
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EXPLANATION OF fIGURE

figure 28.

Graph illustrating the growth curve
of control and experimental feathers
from the posterior breast tract area
of birds denervated ten days subsequent
to plucking.
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Figure 29.

Graph illustrating the growth curve
of control and experimental feathers
from the anterior breast tract area
of birds denervated twenty days prior
to plucking.
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'isure 30.

Graph illustrating the growth curve
of control and experimental feathers
from the posterior breast tract area
of birds denervated twenty days prior
to plucking.
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PLATE XXI

Figure 31.

Graph illustrating daily average growth
rate at ten day intervals of the group
of birds denervated ten days subsequent
to plucking.
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Figure 32.

Graph illustrating the daily average
growth rate at ten day intervals of
the group of birds denervated twenty
days prior to plucking.
L .. Left
It • Right
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